Abstract Ca 2+ release-activated Ca 2+ (CRAC) channels play an essential role in the immune system. The pore-forming subunit, Orai1, is an important pharmacological target. Here, we summarize the recent discoveries on the structure-function relationship of Orai1, as well as its interaction with the native channel opener STIM1 and chemical modulator 2-aminoethoxydiphenyl borate (2-APB). We first introduce the critical structural elements of Orai1, which include a Ca 2+ accumulating region, ion selectivity filter, hydrophobic centre, basic region, extended transmembrane Orai1 N-terminal (ETON) region, transmembrane (TM) regions 2 and 3, P245 bend, 263 SHK 265 hinge linker and L273-L276 hydrophobic patch. We then hypothesize the possible mechanisms by which STIM1 triggers the conformational transitions of TM regions and exquisitely shapes the ion conduction pathway during generation of the CRAC current (I crac ) with high Ca 2+ selectivity. Finally, we propose mechanisms by which 2-APB modulates I crac . On the STIM1-activated Orai1 channel, a low dose of 2-APB acts directly, dilating its extremely narrow pore diameter from 3.8 to 4.6Å, increasing its unitary channel conductance, and potentiating the I crac . Further elucidation of the structure of the opened CRAC channel and a better understanding of structure-function relationship will benefit the future development of novel immune modulators.
Introduction
CRAC channels, the major contributors of Ca 2+ influx in immune cells, are composed of two essential components, the pore-forming subunit, Orai1, and the channel activator, STIM1. CRAC channels have widespread tissue distribution and are involved in the function of immune cells, exocrine gland cells, platelets, skeletal muscle and brain (Gerasimenko et al. 2013 (Gerasimenko et al. , 2014 Prakriya & Lewis, 2015) . The major symptoms of patients with loss-of-function Orai1 and STIM1 are life-threatening severe combined immunodeficiency (SCID), as well as non-life-threatening muscular hypotonia, autoimmunity and anhydrotic ectodermal dysplasia (Lacruz & Feske, 2015) . These patients require haematopoietic stem cell therapy at an early age to survive severe infections. Although STIM1 gates other channels such as TRPC and CaV1.2 (Zeng et al. 2008; Wang et al. 2010) , the dominant phenotype of patients with loss-of-function STIM1 is SCID, which suggests the major role of STIM1 is in CRAC channels (Lacruz & Feske, 2015) . Therefore, both Orai1 and STIM1 play an essential and relatively specific role in the immune system, acting as important pharmacological targets.
The sequence and structure of the Orai1 channel differ greatly from other ion channels (Hou et al. 2012) , and determine its unique biophysical properties when activated by STIM1. These include the following: (1) an extraordinarily high selectivity for Ca 2+ over Na + (> 1000 times), accompanied by an inwardly rectified current-voltage (I-V) profile and a positive reversal potential (V rev ) of ß50 mV in Ca 2+ -containing solutions; (2) an extremely low single-channel conductance; (3) an unusually narrow pore diameter of 3.8Å (Prakriya & Lewis, 2006; Yamashita et al. 2007; Xu et al. 2016) ; and (4) graded regulation of current density and ion selectivity by different amounts of STIM1 binding (Li et al. 2011; McNally et al. 2012) . Notably, in divalent-free solutions, CRAC channels readily conduct small monovalent ions such as Na + ; however, micromolar levels of extracellular Ca 2+ dose-dependently block the Na + current. A millimolar range of extracellular Ca 2+ mediates the Ca 2+ current, and 10 mM external Ca 2+ produces a larger I crac than 2 mM external Ca 2+ . Here, we focus on the structure-function relationships of Orai1, as well as its possible gating and modulation mechanisms by STIM1 and 2-aminoethoxydiphenyl borate (2-APB), to better understand its channel function for the development of pharmacological immune modulators.
Critical structural elements of Orai1
Each Orai1 subunit contains four TM α-helices, TM1 to TM4, and two intracellular termini (the N-and C-termini). The crystal structure of Drosophila Orai (dOrai) (Hou et al. 2012) shows that a single channel is formed by a hexamer in which all TM helices are assembled in three concentric rings. The inner ring formed of six TM1 helices, the Ca 2+ accumulating region (CAR) (Frischauf et al. 2015) from the extracellular side and the extended transmembrane Orai1 N-terminal (ETON) region (Derler et al. 2013 ) from the intracellular side together compose the entire ion conduction pathway (as shown in Fig. 1A) . Additional critical structural elements in the extracellular loop1, TM2-4 and the C-terminus are highlighted in Fig. 1B . The properties of these highly conserved structural elements play important roles in the gating, modulation and determination of the unique biophysical properties of CRAC channels.
CAR. Three acidic residues (D110, D112 and D114) are non-pore lining (McNally et al. 2009 ) and located on external loop1 without a resolved structure. Using molecular dynamics simulation, Frischauf et al. revealed that D110/D112/D114 serve as a CAR, recruiting Ca 2+ near the ion selectivity filter E106. Amazingly, they predicted that in a 10 mM external Ca 2+ solution, the local Ca 2+ concentration close to the pore entrance is concentrated by CAR and E106 up to 2.5 M within a 2 nm 3 volume (Frischauf et al. 2015) . The D110/112A mutant exhibits decreased ion selectivity (Vig et al. 2006) and current density at low concentrations of extracellular Ca 2+ , probably via impaired Ca 2+ accumulation by increasing the distance between Ca 2+ bound on CAR and E106 (Frischauf et al. 2015) .
E106 as the ion selectivity filter. Early in 2006, E106 in the human Orai1 Vig et al. 2006) and its homologous counterpart, E180 in Drosophila Orai (Yeromin et al. 2006) , were identified as the most important determinant of Ca 2+ selectivity on CRAC channels. The E106D mutation, which only shortens the side chain by one carbon atom, significantly impairs ion selectivity. Consistent with disulfide cross-linking results (Zhou et al. 2010) , the crystal structure of dOrai directly Only four homologous dOrai monomers (Hou et al. 2012) are used to indicate the channel structure with the ion conduction pathway inside. Different colours of spheres and sticks denote important residues and the Ca 2+ ion. The entire ion conduction pathway is composed of CAR, ion selectivity filter, hydrophobic centre, basic region and ETON region. B, critical structural elements on the homology-modelled structure of human Orai1. To clearly show the locations of all critical structural elements, we have artificially enlarged the separation between TM2 and TM3 and denote critical residues or regions on TM2, TM3, TM4 and the C-terminus. J Physiol 595.10 showed that a ring of negatively charged E106 residues is located on the extracellular mouth of the pore (Hou et al. 2012) , serving as an ion selectivity filter. Non-charged substitutions, such as human Orai1 E106A/Q and Drosophila Orai E180A mutation, result in non-conducting channels Vig et al. 2006; Yeromin et al. 2006) , suggesting an additional role for E106 as part of the gating.
Hydrophobic centre. According to the structure of dOrai, V102, F99 and L95 are pore-lining residues, with their hydrophobic side chains interacting with each other through van der Waals forces and forming a well-packed hydrophobic centre (Hou et al. 2012) . Consistent with this, the V102C and L95C mutants are effectively disulfide cross-linked or highly accessible to Cd 2+ (McNally et al. 2009; Zhou et al. 2010) . This hydrophobic centre constitutes the relatively rigid core of the closed channel (Hou et al. 2012 ) and provides the major hindrance for ion permeation (Dong et al. 2013) . Correspondingly, mildly hydrophobic and polar substitutions on V102 yield constitutively active currents in the absence of STIM1 (McNally et al. 2012) , most likely by reducing the hydrophobic interaction and the energy barrier for ion conduction. In contrast to the published structure, G98 rather than F99 was suggested as a pore lining residue by cysteine accessibility mutagenesis (McNally et al. 2009 ). G98 was proposed as a gating hinge. Twisting the orientation of the α-helix via the substitution of glycine into aspartic acid or proline, or elongating its long side chain by substitution into other residues except positively charged residues, results in constitutively active channels (Zhang et al. 2011; Zheng et al. 2013 ).
Basic region. It is unusual for three basic residues (R91, K87 and R83) to line the conduction pathway of cations. In the closed channel, this basic section is hypothesized to form a potential gate, to impede Ca 2+ flow by binding anions or by forming an electrostatic barrier (Hou et al. 2012; Rothberg et al. 2013) . When gated by STIM1, the positive charge provided by R91 is unnecessary because R91A/G/C mutants generate similar currents to wild-type (WT), and R91K/D mutants produce even larger Ca 2+ influx than WT (Zhang et al. 2011) . R91W mutation results in non-conducting channels and impedes the STIM1-enhanced luminescence of Tb 3+ (Gudlur et al. 2014) , which is bound to negatively charged E106 and possibly also to CAR in the extracellular mouth of Orai1. It is likely that tryptophan substitution reinforces the hydrophobic barrier together with V102 and L95. This energy barrier is difficult for STIM1 to overcome and prevents STIM1 from triggering conformational rearrangement of the entire ion conduction pathway, including E106 and CAR. R83A-K87A double mutation substantially reduces STIM1-dependent I crac and abolishes the constitutively active V102A current, whereas in the latter situation, the replacement of R83A-K87A with R83E-K87E mutation restores the V102A current (Derler et al. 2013) , which suggests that in a channel opened by STIM1 or V102A, R83 and K87 residues may provide electrostatic repulsion forces to stabilize the elongated pore architecture, thereby facilitating the opening of Orai1.
ETON region. The truncation of the ETON (74-90) region significantly impairs STIM1-dependent gating (Li et al. 2007; Muik et al. 2008) , which emphasizes its functional necessity. It is likely that the ETON region is involved in channel gating by directly interacting with STIM1 because the N-terminal fragment (48-91) directly binds to the CRAC activation domain (CAD) of STIM1 (Park et al. 2009) , and mutations of hot spots such as hydrophobic (L74 and W76) and basic (R77, K78, R83 and K87) residues impair the coupling to STIM1 (Derler et al. 2013) . In this region, the K85A/E mutation not only abolishes STIM1-dependent I crac but also greatly impairs the STIM1-independent V102A current (Lis et al. 2010; McNally et al. 2013) . Additionally, its homologous mutation, K60E on Orai3, abolishes the direct gating mediated by 2-APB (Lis et al. 2010) . Although K85A/E impairs the STIM1-Orai1 association (McNally et al. 2013) , the K85E or K60E mutation does not directly alter the binding affinity between CAD and the N-terminus of Orai1 or that of Orai3 (Lis et al. 2010) . Because of the universal impact of K85 on channel gating and its location on the pore-averted side with the side chain protruding to TM2 and TM3, we propose that the ETON region may regulate channel gating by interacting with other regions of Orai1, in addition to interacting with STIM1 as discussed above.
TM2-TM3. In this region, the L138F mutation causes tubular aggregate myopathy and alters Ca 2+ homeostasis in muscle cells via constitutive activation of CRAC channels (Endo et al. 2015) . The W176C mutant is also constitutively active, and both W176C and E190Q substitutions dramatically impair ion selectivity Vig et al. 2006; Srikanth et al. 2011) . Therefore, TM2 and TM3 not only provide a structural surrounding for TM1 but also modulate channel gating and ion selectivity through unknown mechanisms.
P245 bend. P245 is located in the middle of the TM4 α-helix (Hou et al. 2012) . Interestingly, substitutions of almost any other amino acid for this proline lead to constitutively active channels (Palty et al. 2015) , suggesting that the P245 bend stabilizes the closed state of the channel, probably by altering the orientation of the TM4 α-helix. (Palty et al. 2015) , which suggests that the flexibility of this hinge plays a critical role in channel gating by STIM1.
L273-L276 hydrophobic
patch. The C-terminus (267-301) of Orai1 is a prerequisite for its coupling to STIM1 (Li et al. 2007; Muik et al. 2008; Park et al. 2009 ), most likely through the heteromeric interaction between the L273-L276 hydrophobic patch of the C-terminus and STIM1. Orai1 with an L273S or L276D mutation fails to recruit and couple with STIM1 Navarro-Borelly et al. 2008; Frischauf et al. 2009 ). Interestingly, in STIM1-unbound Orai1 channels, the L273-L276 hydrophobic patch mediates the homologous dimerization of two adjacent Orai1 C-termini by forming an anti-parallel coiled-coil (CC) pair (Hou et al. 2012) . Upon STIM1 binding, this interaction is disrupted to form the heteromeric interaction with STIM1, as demonstrated by the nuclear magnetic resonance structure of the complex formed by the Orai1 C-terminal fragment (272-292) and STIM1 CC1-CC2 fragment (312-387). The former lies in the groove of the latter, with the L273-L276 hydrophobic patch contributing to this interaction (Stathopulos et al. 2013) . Consistently, prior cross-linking of the C-termini of Orai1-L273C or Orai1-L276C prevents subsequent STIM1 binding to Orai1, and prior CAD binding to Orai1 impairs the diamide-induced disulfide bridge formation of Orai1-L273C/L276C (Tirado- Lee et al. 2015) .
Gating and regulation of the Orai1 channel by STIM1
The Orai1-L273S mutant fails to couple with STIM1 and generate I crac . The N-terminal truncated ( N1-80) Orai1 channel normally binds to STIM1 but is also non-conducting. Tethered SS domains could restore I crac in the L273S mutant but not in the N1-80 mutant. Therefore, Zheng et al. assumed that the Orai1 C-terminus merely recruits and anchors STIM1, which subsequently engages the interaction between STIM1 and Orai1 N-termini and triggers gating . Recently, this assumption was revised. McNally et al. reported that N-termini are also involved in coupling with STIM1 and that N73-85 and K85E mutants exhibit diminished binding to CAD (McNally et al. 2013 ). Palty et al. revealed the critical role of C-termini in channel gating because an Orai1 C-terminal truncated ( C273-301) mutant and L273S-L276D double mutant fail to generate I crac even when tethered to the SS domains (Palty et al. 2015) . When introducing mutation into V102A Orai1-SS channels, V rev remains largely unaltered by the L273S or K85E single mutation, whereas V102A Orai1-SS channels with L273S-K85E double mutation display greatly decreased V rev and non-selective current (Palty & Isacoff, 2016) . Taken together, both N-and C-termini of Orai1 serve double roles in binding and gating, their cooperative interactions with STIM1 controlling channel activation and ion selectivity.
Based on the structure of the closed dOrai (Hou et al. 2012) , it is presumed that the hydrophobic centre (V102, L95), P245 bend and W176 residue synergistically stabilize the channel in a closed state (Fig. 2A) . The P245 bend may force the intracellular end of TM4 to push TM3 inward, and W176 on the averted side of TM3 may further press TM1 inward through its bulky side chain to guarantee the tight packing of the hydrophobic centre and keep the channel closed. Then, what is the mechanism by which STIM1 opens the channel? First, upon STIM1 binding, the homologous anti-parallel pair of L273-L276 hydrophobic patches are dissociated and the heteromeric interaction of this patch with STIM1 is reformed (Stathopulos et al. 2013) . Then, as suggested in the hypothetical model of opened dOrai (Fig. 2B) , the P245 bend and hinge linker are pulled nearly straight by STIM1 (Hou et al. 2012) , which is supported by the recently revealed roles of P245 and the hinge linker (Palty et al. 2015) . We hypothesize the following key conformational transitions. The intracellular end of TM4 moves outward, releasing the steric restriction on TM3. Subsequently, the intracellular end of TM3 moves outward, removing the inward restriction effect of W176 on TM1. Based on the functions of E190 and L138 residues, TM2 may also contribute to gating of the channel and establishment of ion selectivity via interaction with TM1. Because the K85A/E mutation impairs STIM-dependent gating and STIM1-independent channel activation by 2-APB and V102A mutation, we postulate that the ETON region interacts with STIM1, TM2 and/or TM2 extension in loop2 simultaneously and helps to exquisitely shape the ion conduction pathway, finishing the remaining gating process. The above discussed interactions and conformational changes, together with the intrinsic electrostatic repulsion formed by the charged residues lining the pore (E106, R91, K87 and R83), work together to dissociate the hydrophobic centre and open the channel. In the meantime, the gating rearrangement triggered by STIM1 coordinates the exquisite arrangement of E106 (Gudlur et al. 2014) and probably also E190 and CAR, establishing high ion selectivity.
It was proposed that STIM1 activates Orai1 not by following an 'on-off' mode but by regulating the current density and ion selectivity of the Orai1 channel in a dose-dependent manner. When tethering one S domain to one Orai1, this unsaturated STIM1 binding results in decreased current density and V rev (Li et al. 2011; McNally et al. 2012) .
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How is the Ca 2+ selectivity of CRAC channels established and modulated?
The exquisite Ca 2+ selectivity of the CRAC channel is mainly determined by E106 and may be tuned by other factors. First, the ion is selected by its size because the extremely narrow pore diameter prevents large ions such as Cs + from permeating and only allows small ions such as Ca 2+ and Na + to pass through. The variation of pore size by the V102 mutation results in an altered V rev and ion selectivity (Xu et al. 2016) . Second, the competition of binding to E106/CAR helps to select Ca 2+ over Na + . The Ca 2+ ion has a similar size but a more positive charge; thus, it has higher binding affinity to E106/CAR compared to Na + . The external pH alters the ion selectivity (Scrimgeour et al. 2012; Beck et al. 2014) , probably by affecting how much charge E106 and CAR carry, which determines their binding affinities for cations. Third, the high local concentration of Ca 2+ close to the pore entrance, applied experimentally or concentrated by CAR, also contributes to the establishment of high Ca 2+ selectivity. Fourth, the exquisite spatial arrangement of the six carbonyls of E106 contributes to high Ca 2+ selectivity. The E106D mutation disturbs this arrangement by shortening one carbon atom of the side chain and results in decreased binding affinity to Ca 2+ and dramatically impaired ion selectivity (Yamashita et al. 2007 ). The gating of STIM1 increases the luminescence of Tb 3+ bound to E106 and triggers a spatial rearrangement of E106 (Gudlur et al. 2014) , which sheds light on the mechanism by which STIM1 regulates ion selectivity.
Taken together, it is conceivable that the ion selectivity filter formed by E106, which is not a highly rigid ring with a fixed spatial arrangement of carbonyls, could be altered by STIM1 gating and 2-APB binding (discussed below), as well as by E106D mutation, E190Q mutation Vig et al. 2006 ) and G98D mutation (Zhang et al. 2011) . The conformational change induced by these factors therefore modulates the ion selectivity of Orai1. (Hou et al. 2012 ) are used to indicate the simplified channel architecture. TM1 and other TM α-helices are labelled blue and grey, respectively. Different colours of spheres and sticks are used to denote critical residues and the Ca 2+ ion. We postulate that the hydrophobic centre (represented by V102), W176 residue and P245 bend provide closing forces as indicated by black arrows, synergistically stabilizing the channel in a closed state. B, the hypothetical model of STIM1-activated Orai1. The large yellow forks represent the STIM1-Orai1 activation region (SOAR) (Yang et al. 2012) . Upon the binding of SOAR, the TM4-C-terminus section may be pulled nearly straight as previously suggested (Hou et al. 2012) . The intracellular end of TM4 may move outward, releasing the steric restriction on TM3. Subsequently, the intracellular end of TM3 may move outward, removing the inward restriction effect of W176 on TM1. Additionally, the ETON region may interact with STIM1, TM2 and/or TM2 extension in loop2 simultaneously. All of these interactions and conformational changes, together with the intrinsic electrostatic repulsion along the ion conduction pathway, work together to dissociate the hydrophobic centre and exquisitely shape the pore, resulting in a fully opened channel with high Ca 2+ selectivity. Notably, the exact binding position for SOAR to Orai1 remain unclear and may differ from this schematic model.
Gating and modulation of the Orai1 channel by 2-APB
2-APB exerts complex effects on CRAC channels, including potentiation of STIM1-activated I crac at a low concentration, inhibition of STIM1-activated I crac at a medium concentration, and direct gating of Orai3 and STIM1-unbound Orai1 at a high concentration (Peinelt et al. 2008) . Investigations of these multiple modes of action help to reveal the CRAC channel gating and modulation mechanisms, and benefit the development of novel immune enhancers and inhibitors.
Potentiation. The 2-APB-elicited potentiation current (I p ) shares similar properties with I crac . It was proposed that 2-APB generates I p by increasing channel number (N) at a constant open probability (P o ) (Prakriya & Lewis, 2006) , or by enhancing the interaction between Orai1 and STIM1 (Navarro-Borelly et al. 2008; Wang et al. 2009; Wang et al. 2014) , or by altering the pore architecture (Peinelt et al. 2008) . Recently, we reported that the 2-APB-elicited I p is largely due to increased unitary conductance of the Orai1 channel (Xu et al. 2016) . We revealed that I p is generated by the pore dilatation effect of 2-APB and determined by the ratio of ion size/pore diameter. As shown in Fig. 3 , when the ratio is high, such as when Cs + ions are used to permeate the STIM1-gated Orai1 channels (3.8Å vs. 3.8Å), the large hindrance could not be effectively overcome by the pore dilatation effect of 2-APB and marginal Cs + -conducting I p is detected. When the ratio is suitable (0.60-0.78), such as when Ca 2+ /Na + ions pass through STIM1-gated Orai1 channels (2.32/2.28Å vs. 3.8Å), or Cs + ions through STIM1-gated V102C Orai1 channels (3.8Å vs. 4.9Å), the pore dilatation effect of 2-APB decreases hindrance and facilitates ion permeation and I p is generated. When the ratio is low (ࣘ 0.47), such as when Ca 2+ /Na + ions pass through STIM1-gated V102C/A Orai1 channels (2.32/2.28Å vs. 4.9/6.8Å), or Cs + ions through STIM1-gated V102G Orai1 channels (3.8Å vs. 8.1Å), no I p is elicited (Xu et al. 2016) . The generation of I p requires the open state of Orai1, not STIM1 itself, suggesting that 2-APB acts on Orai1 directly rather than on STIM1, although the exact binding site and pore dilatation mechanism remain to be revealed.
The extremely narrow CRAC channel pore consists of the hydrophobic centre and basic region. Cations encounter steric hindrance and a large energy barrier formed by van der Waals forces and electrostatic repulsion along the permeation pathway. As shown in Fig. 3 , our discovery emphasizes that the extremely narrow pore diameter limits the flow speed of cations. Additionally, the R91K/D mutation produces larger Ca 2+ influx than WT (Zhang et al. 2011) , and Na + conducts a much larger current than Ca 2+ on CRAC channels. In these two conditions, the increased ion permeation should be due to the decreased steric hindrance and abolished/reduced electrostatic repulsion between cations and R91 residue. Therefore, we hypothesize that the extremely narrow pore diameter and unusual conduction pathway lined with positively charged residues jointly lead to the extremely low single-channel conductance. The newly developed single-channel optical recording technique should help to clarify this hypothesis (Dynes et al. 2016) .
Inhibition. It is unlikely that 2-APB inhibits I crac by directly blocking the extremely narrow pore because even Cs + ions with a diameter of 3.8Å could not pass through it. Although 2-APB acts on the STIM1-Orai coupling interface , inhibition is not due to the dissociation of Orai1 from STIM1. By contrast, 2-APB increases their association as measured by fluorescence resonance energy transfer (Navarro-Borelly et al. 2008; Wang et al. 2009; Wang et al. 2014) . 2-APB impairs puncta formed by Orai1-unbound STIM1 (DeHaven et al. 2008; Peinelt et al. 2008) via enhancing the interaction between STIM1-CC1 and SOAR. However, this effect is not essential for its inhibition on I crac , because 2-APB directly inhibits the constitutively active V102A/P245T currents in the absence of STIM1 (Wei et al. 2016 ). The inhibition is more effective when 2-APB is applied in the extracellular solution than in the intracellular solution (Prakriya & Lewis, 2001) , which suggests the extracellular location of the binding site on Orai1. Because of the important role of E106 and CAR on ion permeation, as well as evidence that Gd 3+ inhibits I crac by tightly binding to E106 (Hou et al. 2012; Amcheslavsky et al. 2015) and possibly also CAR (Yeromin et al. 2006) , it is possible that 2-APB may inhibit I crac by modulating E106 and CAR too.
Direct gating. STIM1-dependent gating and 2-APBinduced direct gating are different but mutually exclusive (Yamashita et al. 2011) , suggesting that these two processes are competitive, probably because they share common structural elements in their gating processes. Indeed, they use the same ion conduction pathway (Amcheslavsky et al. 2014) and are abolished by the homologous sensitive residue (K85E on Orai1 and K60E on Orai3) (Lis et al. 2010) .
However, the 2-APB-directly-gated current is quite different from the STIM1-activated I crac , as the former is characterized by the loss of high Ca 2+ selectivity, altered I-V profile and enlarged pore diameter on Orai3 Yamashita & Prakriya, 2014) . Consistently, many mutations differentially affect these two types of gating. On Orai3, the sensitive sites of 2-APB were mapped to the TM2-TM3 region (Zhang et al. 2008) . In this region, the C101/G158 linkage delays the development of 2-APB directly gated current (Amcheslavsky et al. 2013) . The Orai3-E165A mutant, which is homologous to Orai1-E190A, is normally activated by STIM1 but lacks The estimated pore diameters of the STIM1-activated Orai1 channels are 3.8Å for WT, 4.9Å for V102C, 6.8Å for V102A and 8.1Å for V102G. The naked ion sizes of Ca 2+ , Na + and Cs + are 2.28, 2.32 and 3.8Å, respectively. A and B, bar graphs summarizing the potentiation ratios of Na + (A) and Cs + (B) currents on WT and V102X mutants (adapted from Xu et al. 2016) . Ca 2+ has a similar I p pattern to Na + . C-E, schematic model for the generation of 2-APB-induced I p on STIM1-activated Orai1 WT (C), V102C mutant (D) and V102A/G mutant (E) channels (adapted from Xu et al. 2016) . The 2-APB-induced I p is prominent on the WT channel when conducting small ions such as Na + and Ca 2+ , as well as on the V102C mutant channel when conducting large ions such as Cs + .
2-APB direct gating (Amcheslavsky et al. 2014) . G183A mutation on Orai1 confers 2-APB sensitivity, whereas it impairs STIM1-dependent gating. The constitutively active Orai1-W176C mutant does not respond to 2-APB but could be further activated by STIM1 (Srikanth et al. 2011) . On the ETON region, K85Q mutation on Orai1 reduces STIM1-gated I crac , whereas it results in a larger 2-APB-directly-gated current than WT-Orai1. R52E and R53E mutations on Orai3 decrease STIM1-dependent gating but do not affect 2-APB direct gating (Lis et al. 2010) . Therefore, it is conceivable that these two types of gating elicit different conformational transitions in the TM2, TM3 and TM1 regions, which differentially shape the ion conduction pathway and result in two types of currents characterized by different ion selectivity and I-V profiles.
Conclusion
Here, we focus on the structure-function relationship of the Orai1 channel. The crystal structure of dOrai depicts the entire structure of this channel. Mutagenesis studies provided details on the possible mechanisms by which the critical structural elements, together with the binding of STIM1 and 2-APB, orchestrate its gating, modulation and biophysical properties. Additional effort should focus on determining the structure of STIM1-activated Orai1, constitutively active Orai1 mutants, and the Orai1-2-APB complex, using techniques such as traditional crystallization, rapidly developed single-particle cryo-electron microscopy and computer simulation. These structures will then lead to subsequent site-directed mutagenesis studies to clearly illustrate the exact gating and modulation mechanisms, which are essential for the future development of pharmacological immune modulators.
